This paper describes guidelines for the design of grippers for use in modular manufacturing workcells. Gripper design is an important and often overlooked aspect of the design of a complete assembly system. Here, guidelines are presented which can be applied to a wide variety of grippers. Guidelines are divided into three major categories: those that improve system throughput, those that increase system reliability, and those that decrease cost. Designs of several grippers, currently being used in a modular manufacturing workcell, are presented as examples of the application of the guidelines to real world problems.
Introduction
Automation solutions over the past several decades have seen a large shift away from traditional, hard-tooled lines to reconfigurable, reprogrammable robotic cells. Corresponding to this paradigm shift in manufacturing systems has been an increasing importance placed on end-of-arm tooling. In traditional manufacturing systems grippers had but one purpose: pick a part from a known location and orientation (or pose) and place it at a second. Mechanical or pneumatic slides were used to create motion and were highly repeatable and reliable due to mechanical stops defining the pick and place poses. In contrast, industrial robots, common in flexible cells, have limited payload, limited accuracy, and fixed repeatability. To complicate the situation further, additional sources of error are present in flexible cells. These may include limited robot accuracy, difficult to determine tool offsets, robot-workcell calibrations, and vision-based flexible feeders. It is in such an uncertain environment that modern robotic grippers must operate. The design of end-of-arm tooling has, therefore, become a more difficult yet even more crucial component of an overall assembly system.
The design of gripping systems is clearly not a trivial task. Unfortunately, it is often overlooked until the system is mostly complete at which point too little time and monies remain to perform an adequate job. It is more desirable for the design of the grippers to occur concurrently with the design of the rest of the system. Often a small feature added to a part of the assembly can greatly increase the reliability of the gripper. Other times, a proper gripper design can simplify the overall assembly, increase the overall system reliability, and decrease the total cost of implementing the system (Plate 1).
Recently, there has been a desire in the manufacturing community to use readily available, off-the-shelf components in the construction of assembly systems. This "catalog potpourri" approach to machine design has many benefits including ease of replacement of defective and worn-out parts, cost savings, quicker design and building of the machine, and leveraging the expertise of component builders. Many gripper manufacturers have also taken this approach; one may easily purchase a remote center of compliance, a rotary-pneumatic wrist, and several pneumatic actuators from the same vendor, bolt them together, and have a fairly sophisticated and capable gripping system. Ultimately, however, it is the gripper fingers themselves which must physically interact with the "real world". While it is possible in most cases (and, unfortunately, necessary in others) to use simple flat plates or "V" grooves, much better designs (e.g. more reliable) are usually realizable.
As discussed previously, it is evident that the design of the gripping system is very important for the successful operation of the workcell. However, little has been accomplished in the area of design parameters and guidelines for end effectors. While many text books on robotics discuss grippers, they mostly deal with types of grippers (e.g. parallel, pneumatic, suction, etc.) and not design methodologies. There has been some work on automated gripper design, but it is still a largely new research field (Brown and Brost, 1997) . Some of the work has centered on examining the quality of the grasp of various gripper finger shapes (Bruyninckx et al., 1998; Lin et al., 1997; Liu, 1997) . Brost (1988 Brost ( , 1992 has examined grasp planning and planar manipulation tasks that are robust in the face of uncertainty. Others have examined the planning of fixtures which hold parts (Brost and Peters, 1996; Lee and Cutkosky, 1991) . While not directly gripper design, the same underlying principles apply to both gripper and fixture design. Cutkosky (1989) examines grasping by studying the grasp used by humans for various tasks. From this study, an expert system, Grasp-Exp, was devised to determine the grasp for manipulating objects by asking a series of questions such as: "What is the dexterity requirement?", "What is the stability requirement?", "What is the object size?", etc. Others have examined the design of chamfers on parts which engage during insertion (i.e. snap fits, etc.) which will not cause the parts to jam relative to one another (Whitney et al., 1983) . Another gripper design project has been concerned with the design of grippers to handle multiple parts, the examination of the quality of the grasp when handling multiple parts, and the customization of grippers via rapid prototyping (Velasco and Newman, 1998; Velasco et al., 1997) . Other design guidelines have appeared, but are not applicable to automated design solutions (Peretz, 1998; Walsh, 1984) . This article is based on the two previous publications (Causey, 1999; Causey and Quinn, 1998) and attempts to present a cohesive set of guidelines which can be used to design grippers more quickly and with a higher level of confidence than otherwise possible.
The remainder of this paper is divided into four major sections. The first examines the concept of a gripper "footprint" or interference measure. The second examines gripper finger geometry and Coulomb friction. The third section presents an organized listing of the gripper design guidelines. They are arranged into three major categories: guidelines to save cost, guidelines to increase throughput, and guidelines to increase reliability. The final section examines two gripping systems designed and developed for a reconfigurable assembly cell. In each case, the guidelines which were applied are discussed.
Gripper footprint
An important concept in the consideration of a gripper design is the footprint of the gripper. That is, how much additional area around the object being retrieved is required to physically situate the gripper such that it can retrieve Plate 1 Water valve assembly gripping system the part without a collision. This parameter becomes very important in vision based, flexible feeding applications where the spacing between parts is random and unknown. A larger footprint means more candidate parts will not be retrieved simply because the gripper is too big. Unnecessary system delays could occur because the gripper cannot reach most of the parts, the vision system has identified and located.
An apparently obvious definition of footprint is the vertical projection of the gripper's fingers when open. This definition is consistent with the implication of the term "footprint" (e.g. the 2D outline left on a plane from a 3D object). However, it is easy to show that this definition is overly simplified. In addition, the term "footprint" does not convey the correct mental picture. A better term would be "interference measure". Further examination reveals that the interference measure is dependent on many factors, including the physical size of the gripper (in all dimensions, not just the vertical projection), the design of the gripper fingers themselves, the method used to grasp the parts (i.e. vacuum, parallel jaw, pneumatic bellows, . . .), the design of the gripper finger actuator, the location and part feature used for grasping, the location of the part on the feeder (in the case of a flexible feeding system), and the material used to construct the gripper fingers, parts, and feeder table.
An example in which the simple definition fails is a complicated wrist mechanism (Plate 2). One gripper approaches from an angle that could allow a second gripper to collide with parts. In this case, the interference measure is not the gripper fingers, but part of the pneumatic actuator and the second gripper.
A second example in which the simple definition fails is a gripper that approaches a part from the side (Plate 3). In this case, the gripper, jaws closed, "plows" through the parts until it is close to the desired part.
Its jaws then open, the gripper moves to the final retrieval location, and grasp the part. The interference measure for this gripper part combination would be a narrow channel along which the tip of the gripper moves followed by a larger, rectangular region where the jaws are opened and moved to the final retrieval location.
A more general and complete definition of the interference measure of the gripper is as follows:
The 3D space which must be free of obstructions for a gripper to successfully grasp a part.
A metric (the interference metric) could then be stated based on the interference measure.
The 3D volume surrounding the candidate part which must be void of obstructions such that the gripper may approach the part retrieval location without a collision.
There are many nuances and subtleties in the definition and metric. The space does not necessarily have to be adjacent to the part. In the example in Plate 2, part of the space that needs to be vacant is displaced by several inches from the front of the part being retrieved.
The possibilities of the gripper interference measure is as widely varied as the grippers themselves. The important concepts are that the interference measure is not necessarily the vertical projection of 
Gripper finger geometry
One area of gripper design which can cause confusion is the geometry of the gripper fingers themselves. Many of the following guidelines deal with designing gripper fingers that can increase the holding force on a part. However, some may argue (using a Coulomb friction model) that some guidelines call for overly complex designs. While theoretically true, when one considers the actual gripping situation, a different conclusion is reached.
Using Coulomb friction ðF ¼ mNÞ as a model, there is (theoretically) no difference in holding force or alignment capability between gripper fingers which are constructed as:
(1) a flat plate and a "V" groove, (2) two opposing "V" grooves, and (3) contoured fingers which match the shape of the part. This is based on three assumptions: the parts are rigid, the gripper jaws are rigid, and the jaws are perfectly aligned. However, these assumptions are often violated in light mechanical assembly: light, plastic parts typically deform under gripper closure forces; gripper fingers, while relatively rigid, are mounted to an actuator which allows the fingers to flex (in the direction of closure) as the gripper closes; and imprecise finger mounting practices can allow the fingers to be mis-aligned when attached to an actuator. Therefore, when considering a "real" situation, a contoured gripper finger provides a more secure grasp. Since the part and gripper fingers are not rigid, as the gripper closes, the force of closure produces deformation in the part. Using a simple "V" jaw, the local stresses in the part are high and deformation occurs. If too large a force is used, an excessive amount of deformation will occur because the contact area between the gripper and part is always small (not much greater than a line contact). The part may be damaged and the deformed shape could make the assembly operation difficult or impossible. Using a contoured jaw, local stress in the part also cause the part to deform. However, as soon as a small amount of deformation occurs, the contoured gripper jaws contact a larger surface area of the part. The force of closure is then distributed over a larger area of the part and much less deformation occurs for a given closure force. Therefore, a higher closure force may be used to grasp the part, which results in a higher frictional force being produced. In addition, the reduction in deformation prevents the part from being damaged and interfering with the subsequent assembly operation.
Care must be taken to ensure that the contoured finger does not create a situation in which an over sized part may wedge in the jaws. This can be alleviated by chamfering the portions of the jaw where the angle between the line of closure of the gripper and the part geometry is shallow. The area of a cylinder near the jaw's parting line or the sides of a rectangular pocket are examples.
Gripper design guidelines
The following guidelines have been determined while constructing grippers for use in two flexible manufacturing workcells. They are qualitative in nature and suggest ideas for improvements to gripper designs. There is, however, some overlap as well as some mutual exclusion between the three categories of reduce cost, increase throughput, and increase reliability. It may not, for example, be possible to apply all the guidelines to any one design (i.e. designing a reliable and inexpensive gripper may not be possible in all cases). At times, one guideline may suggest one design direction while another may suggest the opposite. Each particular situation must be examined and a decision must be made to favor the more relevant guideline. Gripper design, unfortunately, is still largely an intuitive rather than analytic process.
Reduce cost
Before delving into the more design oriented guidelines, it can be helpful to consider a few guidelines which deal with saving cost. One must, however, be careful to consider additional factors beyond the immediate gripper cost. Many times the financial implications of gripper design choices are not easy to see. An extra 10 percent spent in initial capital investment to ensure an efficient and reliable gripper design may reap large rewards, since without this the workcell may need continual operator attention due to the grippers dropping or mishandling parts.
However, while keeping the aforementioned caveat in mind, it is important to reduce cost whenever possible.
Use parallel or rotary motion pneumatic actuators
One source of cost savings is in the selection of the gripper actuator. Many gripper actuator manufacturers have a wide product line. While, at first, it may appear that a more expensive actuator is required for the job at hand, a careful and clever design can often utilize one of the less expensive units. Generally, the parallel or rotary motion actuators are less expensive (except, of course, for suction cups, which are the least expensive).
Use off-the-shelf components in gripper designs A second place to save money in gripper design is in using readily available, off-the-shelf components whenever possible. While it may seem that no one makes the correct style of gripper needed for a particular task, it is often advantageous to design a solution that works with the best readily available gripper. These actuators usually have a large installation base of users who have already debugged the design. They are also specifically designed for their intended purpose and are usually lighter and more reliable to that custom designs.
Besides direct cost savings in the purchase price of the actuator itself, other cost savings are realizable, if off-the-shelf components are used. When a part of the gripping system fails (wear and tear on the system makes component failure inevitable), using readily available components makes repair and replacement a quick and easy process.
Handle multiple parts with a single gripper It is often tempting, when designing a gripping system that handles two different parts, to simply design two different grippers and mount those grippers on a rotary wrist assembly or use an automatic tool change mechanism. This, however, is often not necessary. Rotary wrist mechanisms and automatic tool changers are expensive and should be avoided unless absolutely necessary. It is usually the case in which a single actuator with properly designed fingers can easily and surely handle multiple parts. Plate 4 shows a single gripper designed to handle multiple parts.
Increase throughput
The purpose of the following guidelines is to increase the throughput of the workcell. This can be achieved in many ways by increasing the robot speed, decreasing the chance of waiting for a part to arrive in the flexible feeder by increasing feeder throughput, or increasing the function of the gripper to do more than just handle parts. These are all valid approaches for increasing throughput.
Minimize the interference measure An obvious design feature which can increase system throughput is designing grippers to have the smallest interference measure possible. This is important in flexible feeding applications where parts may be situated close to one another and at random orientations. If the interference measure of the gripper is too large, then many of the parts which are correctly located will not be retrievable simply because the gripper is too big.
Chamfer the exterior of gripper fingers
This allows the gripper to displace neighboring parts as the target part is being approached. This effectively reduces the footprint.
Minimize the gripper weight
This allows the robot to accelerate more quickly. Each robot has a fixed payload Plate 4 Single gripper handling multiple parts capacity and heavier tooling causes larger overshooting. Often, gripper fingers for handling light plastic parts are made from aluminum or steel and are much stronger than necessary and, hence, overly heavy.
Grasp parts securely
This allows the robot to be run at higher speeds thereby reducing the cycle time. This may be accomplished by designing the geometry of the gripping surfaces of the gripper fingers to compliment the shape of the part being handled.
Avoid tool changes
This guideline is different from the previous ones in that it does not directly apply to the gripper fingers, but to the gripping system as a whole. While automatic tool changes are time consuming compared to most robot moves, since they involve straight line motion and because extra care must be taken to ensure the gripper is not mishandled during an exchange. This extra time decreases the throughput of the workcell.
Grip multiple parts with a single gripper
This helps to avoid tool changes and is normally possible when handling multiple parts of similar shape or size. It is also possible to design multiple gripping surfaces actuated by a single actuator. Plate 5 shows a single gripper with two gripping surfaces designed to handle three parts.
Install multiple grippers on a single wrist
This allows the robot to have more than one gripper ready for use and may decrease cycle time in two ways. First, as in the previous guideline, a tool change may be avoided. Second, multiple grippers allow multiple parts to be handled at the same time which can reduce total robot motions. Plates 1 and 8 each show two grippers on single rotating wrist mechanisms.
Include functionality in gripper fingers
This can speed the system by allowing the gripper to perform a task that would usually be done by an additional piece of hardware.
Increase reliability
As the previous section concentrated on guidelines which can increase system throughput, this section will concentrate on design guidelines which help to promote system reliability. System reliability is generally enhanced by designing grippers to work in the presence of errors and maintain a sure and accurate grasp of components.
Grasp parts securely
This is obviously very important to ensure system reliability. For example, it decreases the likelihood that the part will be dropped or will shift in the gripper during robot motion and subsequently be misaligned when placed.
Fully encompass the part with the gripper This has two benefits: to help hold the part securely and to help align the part in the gripper jaw in the presence of uncertainties in the pickup location.
Do not deform the part during grasping Some lighter plastic parts are easily deformed and care should be taken while grasping the parts. If the part is deformed, problems will occur when trying to insert the part into a fixture or adding it to an existing sub-assembly because its shape has been changed.
Minimize finger length
This is also related to the secureness of the grasp. Obviously, the longer the fingers of the gripper the more they are going to deflect when grasping a part. When the fingers deflect, the face of the grippers are no longer properly aligned with the part and the quality of the grasp suffers.
Plate 5 Single gripper handling multiple parts
Provide an Ample Approach Clearance When designing a more complicated gripping system, it is difficult to fully visualize all the necessary clearances. Consider multiple grippers on a rotary wrist (Plates 1 and 2), each grasping multiple objects, as an example. It is important to ensure that there is ample clearance to approach the pickup location so that if there is some uncertainty in the location of the part, a collision will not occur.
Chamfer the approach surfaces of the gripper fingers This can increase system reliability by decreasing the likelihood of a part-gripper crash. The chamfer allows the gripper to self-center parts in the gripper jaw as the robot approaches the part for pickup.
Fingers should align grasped parts
This can also help center parts in the gripper jaw, but in contrast to the previous guideline, by aligning a part in the gripper as the jaws are being closed. A misaligned part can cause problems later in the assembly by causing the place operation to fail. To remove this uncertainty, insure that the part is properly aligned in the gripper. This is usually accomplished by including generous chamfers at the parting lines of the gripper fingers. Care must be taken to ensure an oversized part will not wedge in the chamfer due to friction.
Design for proper gripper-part interaction
The interaction of the surface material of the gripper jaws and the part is important for alignment. When the shape of the gripper matches the shape of the part, it is desirable to have a low friction interface so parts may slide relative to the gripper jaw for alignment purposes. If, however, a flat surface is being used, then a high friction interface is desired since the part would not be aligned anyway and the higher friction increases the secureness of the grasp.
Encompass actuator mounting points
By designing the fingers to encompass the mounting points, they will be properly aligned. Improper alignment of the gripper fingers can reduce the secureness of the grasp.
Do not rely on added parts for location
Often errors can occur when a component, added to a sub-assembly in an earlier operation, is used for location in the current operation. If the part was misplaced or is not present, then the current operation could fail.
It is best to use permanent features so that if there was an error in a previous step, the current picking operation will not be affected.
Assembly grippers should align parts
In contrast to grippers used only for pick and place, assembly grippers need to have features added which align parts before the assembly operation takes place. Consider, for example, an operation that inserts a cap into a cylinder. Rather than designing a gripper to hold the cap and relying on the robot to properly align the parts, a better design would align the parts before the insertion operation (Plate 10).
Incorporate functionality into gripper fingers
Each time a gripper must pick or place a part, there is the possibility of an error. By designing gripper fingers to do an extra task, dedicated assembly hardware is avoided. Because the part is never released from the gripper, there is less chance of it being mishandled.
Example gripper designs
The following section examines two gripping systems that embody many of the guidelines listed above. The first system is used to do an assembly of a refrigerator water valve while the second is used to assemble and package tire valve stem covers. Both grippers are being used in a demonstration workcell constructed by a corporate sponsor. For a more thorough discussion of the following grippers as well as a discussion of other grippers used in a reconfigurable workcell, see Causey (1999) , Chapter 5.
Water valve assembly gripper
The water valve assembly consists of four distinct parts: the body, the brass fitting, the guide, and the spin ring, as shown in Plate 6 with a US dime for size reference. The Plate 6 Water valve assembly components assembly sequence proceeds as follows. First, a body is retrieved from a tray feeder and placed in a fixture. Next, a brass fitting is retrieved and inserted into the top front of the body. The brass fittings are fed using a Genex flexible feeder (Adept FlexFeeder 250). Next a guide is grasped and a spin ring is picked up (using two grippers on a single wrist), both are fed using flexible feeders. The guide is inserted into one of the two pockets near the back of the body. The spin ring is then dropped over the top of the guide. Finally, another guide and spin ring are retrieved and placed in the other pocket.
This assembly held some unique challenges for the design of a gripping system. First, it was desired to perform the assembly without tool changes, so all the parts had to be handled by one gripping system. Second, the brass fittings and guides were being fed on their sides from flexible feeders and needed to be rotated through 908 before assembly. Third, since flexible feeders were being used, a gripper with too large a footprint could adversely effect the system throughput. Last, a small tabletop robot was being used for the assembly so the total weight of the gripping system was a concern.
The final design of the gripping system included two actuators mounted on a rotary wrist, shown in Plate 1. Using multiple grippers on a single wrist made it possible to handle both the guides and spin rings at once. Each gripper was also designed to handle two parts so that a tool change was avoided. The first gripper was designed to manipulate the brass fittings and guides and rotate the parts through 908 without setting them down. The second gripper was used to handle the bodies and the spin rings.
The brass fitting/guide gripper is a good example of the application of several of the design guidelines (Plate 7). The length of the gripper fingers was designed to minimize the footprint of the gripper. Even though the rotary jaw mechanism is rather large, the long fingers can retrieve parts without the mechanism colliding with other parts or the feeder. The exterior of the fingers was chamfered to allow the gripper to displace nearby parts, thereby further reducing its footprint. The rotary motion designed into the jaws of the gripper allows the brass fitting and guides to go directly from the feeder (horizontal orientation) to the assembly (vertical orientation) without intermediate intervention. The gripping surface was designed to compliment the shapes of both the fitting and the guide so that a more secure grasp of each part was obtained. This was necessary since the rotary motion is rapid to decrease the cycle time. The grippers were also designed to help center the parts as they are grasped. This is especially needed when picking the guides since they do not lay perfectly horizontal but at a slight angle relative to the angle of the gripper jaws. The fingers themselves were notched to fit the actuator keys so that they would be properly aligned.
The gripper used to handle the spin ring and body also exemplified many of the design guidelines (Plate 8). It differs from the previous approach to grasping multiple parts in that a different protrusion is used to pick each part. This was necessary because the parts are very dissimilar. In this case, the footprint was minimized by shortening the body gripping fingers so that they would not interfere with neighboring spin rings on the flexible feeder as a spin ring was grasped. Because the bodies are retrieved from a tray and the gripper was designed concurrently with the feed tray holding the bodies, gripper footprint was not a concern. The exterior surface of the spin ring jaws is circular to make the jaws thinner and decrease the footprint.
A secure grasp of the part was ensured in both cases. The spin ring jaws have a lip that reaches the underneath of the spin ring and fully encompasses the part to provide a solid grasp. The body fingers have protrusions that go into internal features in the body to provide a secure grasp. The fingers were designed as short as possible to stiffen them. Chamfers were added to the gripper to help center and align parts as they are being grasped. The gripper fingers fully encompass the mounting points of the actuator to provide a more secure and aligned interface between the actuator and fingers.
The application of the design guidelines resulted in a gripping system capable of reliably handling four parts at a single robot with no tool changes.
Tire valve stem cover assembly gripper
The tire valve stem cover assembly consists of four parts: the cap, the seal, the container, and the lid, as shown in Plate 9 with a US dime for size reference. The assembly process is as follows. A pallet arrives at the workcell containing four tire valve covers, a container, and a lid. The robot first retrieves a seal from a bowl feeder and seats it into the first cap. Next, the cap/seal assembly is placed in the container. After four cap/seal assemblies have been constructed and placed into the container, the lid is placed on the container and the finished package is removed from the pallet. To meet desired throughput needs, four parts must be handled without a tool change.
Two different grippers, mounted on a rotary wrist, comprised the gripping system, shown in Plate 10. The first gripper was used to retrieve and seat the seal into the cap and then to insert the cap/seal assembly into the container. The second gripper was used to place the lid on the container and then to remove the filled container from the pallet. By including multiple grippers on a single wrist and designing each gripper to handle multiple parts, a tool change was avoided. By designing one of the grippers to perform part of the assembly, additional hardware and part manipulation was avoided. Gripper footprint was not a concern for these grippers as all the assembly locations were known and proper gripper clearance could be included in the design. The seal gripper uses vacuum to lift the seal from a bowl feeder. A linear actuator, designed into the gripper, provides the motion and force necessary to seat the seal. Plate 11 shows a close-up view of the actuator fully extended and fully retracted. After seating the seal, the gripper maintains the vacuum and picks the cap/seal assembly. The robot then positions the assembly over the container, the vacuum is turned off, and it is dropped into the container.
Including the functionality of seating the seal into the gripper increased the throughput and reliability of the system by avoiding extra operations and assembly hardware. A large chamfer was designed into the end of the gripper to properly center the cap as it was being approached. This also held the seal in alignment with the cap as it was inserted.
The lid/container gripper design reliably solved another potentially problematic operation. Plate 12 shows the gripper holding a finished tire valve package. A secure grasp of the lid was provided by a groove in the jaw into which the lip on the top of the lid fit.
Chamfers were designed into the jaws to help center the lid as it was being retrieved. The circular internal cross-section of the grippers match the shape of the lid and help improve the quality of the grasp. A long leadin taper was designed on the inside surface of the gripper to align the container with the lid as the gripper inserts the lid. The gripper firmly presses the lid into the container and maintains its grasp on the lid as the robot lifts the completed package. The robot then drops the completed package into a bin.
As in the previous case, application of the guidelines aided in the design of a successful and reliable gripping system.
Conclusions
As has been shown, the design of grippers and gripping systems is not a trivial task. While well designed grippers can increase throughput, improve system reliability, compensate for inaccuracy in the robot itself, and perform value added functions to the assembly; poorly designed grippers can drop or damage parts, hold parts inconsistently, and decrease system and flexible feeder throughput. Guidelines have been presented which can aid in the design of grippers, but it is impossible to cover all the possible gripper and part configurations. As the previous examples demonstrate, the application of any single guideline does not always manifest itself in the same way in all gripper designs. Having developed guidelines which can be applied to a style of gripping rather than a specific gripper design enable them to be applied to a wide variety of grippers.
Future work
The guidelines developed have proven useful in the design of grippers for use in flexible manufacturing cells. However, there are constantly new challenges in gripper design that often provide another unique guideline. Therefore, it is important to continually update the current design rules with new guidelines as they become known.
In addition, the guidelines need to be added to current gripper design tools ( Velasco and Newman, 1998; Velasco et al., 1997) such that they become more automated. To accomplish this, the guidelines need to be transformed into metrics which can be analytically applied to candidate designs. By programming the Plate 12 Finished tire valve stem cover package and gripper finger detail Plate 11 Linear actuator at extremes of motion and holding a seal metrics, which represent the knowledge contained in the guidelines, into a gripper design tool, the user could simply give the tool the description of the part or parts that are to be manipulated and the program would construct the best gripper design.
